Abstract. The Pliensbachian-Toarcian transition has been studied in depth for the major environmental changes and the marine invertebrate biodiversity crisis observed at that time. Despite a large number of studies performed, the time frames provided for this interval show large discrepancies from author to author. Major environmental changes occurring at that time impacted the sedimentation pattern and sedimentation rates, making uncertain the construction of time scales. Here, we provide a new astrochronological framework based on an expanded hemipelagic section from the Central High Atlas Basin (Morocco). δ 13 C and CaCO 3 measurements performed on the studied section allowed the construction of an orbital time scale based on the 405-kyr eccentricity and the obliquity cycles. This orbital time scale is then compared to the Peniche section (GSSP of the Toarcian Stage) in order to limit the effects of eventual condensation and erosion events on the construction of the orbital time scale. The duration of the early Toarcian Polymorphum Zone is then assessed at 0.9-1.0 myr, while the interval from the base of the Toarcian Stage to the FO of C. superbus is assessed at 0.51 myr. This long duration of the Polymorphum Zone highlights the fact that numerous sections in Europe are affected by long-term condensation and hiati around the Pliensbachian-Toarcian transition. Finally, we also explore the potential of the Central High Atlas basin to provide a refined time scale for the late Pliensbachian. Preliminary data lead to a duration assessment of the NJ5b calcareous nannofossil zone of at least 2.07 myr, and to a mean duration of the Emaciatum ammonite zone of 2.05 myr. These durations are ~1 myr longer than the durations proposed in the Geological Time Scale 2012, which illustrates the potential of the Central High Atlas Basin for calibrating the Pliensbachian times.
Introduction
The construction of a robust Geological Time Scale is of critical importance for assessing the rhythms of geodynamic changes, palaeoceanographic and palaeoclimatic processes. The last update of the Geological Time Scale 2012 (GTS 2012 , Gradstein et al. 2012 ) has shown to contain some non-negligible uncertainties, which can reach several millions of years , De Vleeschouwer and Parnell 2014 , Vennari et al. 2014 ). Yet, the development of extended astrochronological frameworks has already contributed to the construction of a robust geological time frame for the Cenozoic (e. g. Lourens et al. 2004) . The construction of new astrochronological frameworks are currently extended for Jurassic and Cretaceous successions in order to decrease the time uncertainty of those periods by at least one order of magnitude , Huang et al. 2010 .
One of the critical intervals of the Jurassic Period is the Pliensbachian -Toarcian transition. This time interval is affected by two global palaeoenvironmental changes, respectively at the Pliensbachian -Toarcian transition (the Pliensbachian -Toarcian event or P-To event) and the Toarcian oceanic anoxic event (T-OAE) at the base of the Levisoni/Serpentinum Zone. These events are characterised by excursions in the δ 13 C records (Hesselbo et al. 2007 , Suan et al. 2008a , Bodin et al. 2010 , increased accumulation of organic matter observed during the T-OAE (e. g. Jenkyns 1988 ), higher levels of continental weathering and nutrient supply (Cohen et al. 2004 , Dera et al. 2009 , Bodin et al. 2010 , demise of the carbonate platform factories (Bassoullet and Baudin 1994 , Suan et al. 2008a , Wilmsen and Neuweiler 2008 , Léonide et al. 2012 , Krencker et al. 2014 , and extinction events affecting marine invertebrates (Little and Benton 1995, Caruthers et al. 2013 ). These environmental changes were further accompanied by major changes in palaeotemperature (Jenkyns 2003 , Suan et al. 2008a , Dera et al. 2011a ) and sea level (Hesselbo 2008 , Sabatino et al. 2009 , Suan et al. 2010 and references therein, Pittet et al. 2014) , likely linked to the growth and decay of polar ice caps (Suan et al. 2010, Korte and Hesselbo 2011) . All these environmental changes triggered major turnovers in facies, environment and/ or sedimentation rate (Bassoullet and Baudin 1994 , Hesselbo and Jenkyns 1998 , Léonide et al. 2012 , Pittet et al. 2014 , Ruebsam et al. 2014 . Major sea-level changes are notably responsible for the recurrence of condensed intervals and hiatal surfaces recorded in the early Toarcian (Léonide et al. 2012 , Pittet et al. 2014 . As a consequence, attempts to build a robust time scale in this time interval led to diverging astrochronological interpretations (Suan et al. 2008b , Kemp et al. 2011 , Huang and Hesselbo 2014 , Ruebsam et al. 2014 . The first ammonite zone of the Toarcian (i. e. the Tenuicostatum or Polymorphum Zone) is particularly representative of this debate, duration estimates based on orbital time scales fluctuating over almost two orders of magnitude, from 0.09 myr to ~1.15 myr , Suan et al. 2008b , Boulila et al. 2014 , Ruebsam et al. 2014 . The construction of high-resolution astrochronological frameworks ideally requires a continuous and expanded sedimentary record with a minimum of condensation, suggesting that the previously studied sections were not suited for improving of the Pliensbachian -Toarcian time scale.
The Central High Atlas Basin of Morocco has experienced high tectonic subsidence in the Triassic, renewed at a moderate rate during the Early Jurassic (Frizon de Lamotte et al. 2008) . As a result, during the Pliensbachian -Toarcian, expanded sections were deposited in hemipelagic environments (Bodin et al. 2011 (Bodin et al. , 2016 . These sections are much expanded compared to the European sections reported at the Pliensbachian -Toarcian transition, which is expected to limit the occurrence of condensation or hiati.
In the Foum Tillicht section, spectral analyses have been performed on high-resolution δ 13 C and CaCO 3 records covering the Pliensbachian -Toarcian transition. In addition, δ 13 C and CaCO 3 were measured in the Pliensbachian part of the series, although at a lower resolution, which provides the opportunity to evaluate the potential of the Foum Tillicht section to record the long eccentricity cycle (405 kyr). Further, we test if it can be used as a reference section for further calibrations of the late Pliensbachian time scale.
Geological setting

The Central High Atlas Basin
The Central High Atlas Basin is part of an Atlantic aulacogen rift system (Frizon de Lamotte et al. 2008 ). This is a rift basin opened in the Triassic during the dislocation of Gondwana as the result of transtensive movements. A renewed phase of tectonic subsidence started in the late Pliensbachian (Frizon de Lamotte et al. 2008) . The subsequent creation of accommodation space allowed for the deposition of an expanded and continuous sedimentary record spanning the Pliensbachian-Toarcian interval (Piqué et al. 2002) .
During the Early Jurassic, the Central High Atlas Basin was located at the northern margin of Gondwana, at a palaeolatitude of ~15°N. It was separated from the nascent Atlantic Ocean by the Moroccan Meseta (also called West Moroccan Arch) , and open at its eastern side to the Tethys Ocean (Fig. 1 , Bassoulet et al. 1993) . The southern, western and northwestern borders of the Central High Atlas Basin were the loci of extensive shallow-water carbonate production during the Hettangian -Pliensbachian (du Dresnay 1971 , Milhi et al. 2002 , Wilmsen and Neuweiler 2008 . This was followed by a rapid demise in neritic carbonate production, occurring at the Pliensbachian -Toarcian transition and related to a climatic change, from arid towards more humid conditions during the earliest Toarcian (Wilmsen and Neuweiler 2008 , Bodin et al. 2010 , Krencker et al. 2015 . As a consequence, a major lithological break marks the PliensbachianToarcian transition in Morocco: in both shallow-and deep-water settings, carbonate-rich Pliensbachian sedimentary rocks are overlain by siliciclastic-rich Toarcian sediments.
Lithology and biostratigraphy of the Foum Tillicht section
The here-studied Foum Tillicht section is situated within the central part of the Central High Atlas Basin, approximately 10 km northwest of the city of Rich ( Fig. 1) , on the eastern side of the N13 main road. It encompasses the upper part of the Ouchbis Formation and the lower part of the Tagoudite Formation, and covers the Pliensbachian -Toarcian transition ( Fig. 1 ; Wilmsen and Neuweiler 2008) . The Ouchbis Formation is composed of fine-grained marl-limestone alternations showing rhythmic changes of the limestone to marl ratio, deposited in a hemipelagic environment (Fig. 1) . Ammonites, belemnites and calcareous nannofossils have been encountered. The Ouchbis Formation is followed by the Tagoudite Formation (Fig. 1) , a fine-grained clayey carbonate sequence showing, in its medium and upper part, numerous intercalations of fine-to-medium grained siliciclastic beds, interpreted as turbidite deposits (Bodin et al. 2016) . The integration of biostratigraphic data from European basins led to the definition of three standard ammonite zonations (Subboreal, Tethyan and Mediteranean) and two standard calcareous nannofossil zonations for northwestern Europe and western Mediterranean countries (Cariou and Hantzpergue 1997 , Bown and Cooper 1998 , Mattioli and Erba 1999 , Page 2003 , Bilotta et al. 2010 , Gradstein et al. 2012 , Mattioli et al. 2013 , Fraguas et al. 2015 . The ammonite zonation of the Foum Tillicht section is based on the Mediterranean zonation, while the calcareous nannofossil zonation is based on the Tethyan zonation (Bodin et al. 2016) . Figures 2 and 3 detail the chronostratigraphic relationships between the different zonations covering the Pliensbachian -Toarcian transition.
Scarcity of ammonite in the Ouchbis Formation did not allow the ammonite zones in the late Pliensbachian to be precisely bounded. The FO of nannofossil Lotharingius sigillatus, defining the base of the NJ5b nannofossil zone, is recorded at 52.4 m (Bodin et al. 2016) . Nonetheless, the first sample analysed for nannofossil assemblages below 52.4-m level is located at 36 m, implying that the uncertainty of the location of the FO of L. sigillatus is at least 16.4 m. The Pliensbachian -Toarcian boundary is marked by the massive appearance of ammonite Dactylioceras sp., in the last three beds of the Ouchbis Formation. This is confirmed by the first occurrence (FO) of the coccolith Discorhabdus ignotus at 109 m (Bodin et al. 2010 , Mattioli et al. 2013 .
In the transition from the Ouchbis Formation to the Tagoudite Formation, Wilmsen et al. (2002) reported several specimen of Harpoceras sp. According to these authors, this dates the base of the Tagoudite Formation at Foum Tillicht from the lowermost, but not basal, Polymorphum/Tenuicostatum ammonite Zone, suggesting a biostratigraphic condensation at the transition between the two formations. However, no phys- Perilli et al. (2004) . The correlation scheme from Perilli et al. (2004) is modified as follows: Lusitanian Basin: correlations between ammonite zones and calcareous nannofossil zones are from Mattioli et al. (2013) . Italy/S. France: correlations between ammonite zones and calcareous nannofossil zones are from Mattioli and Erba (1999) . The question mark positioned between the D. tenuicostatum and the H. serpentinum zones takes into account the biostratigraphic data from Bilotta et al. (2010) . N. Spain: correlations between ammonite zones and calacareous nannofossil zones are from Perilli et al. (2004) with updates from Fraguas et al. (2015) . NW Europe: correlations are from Bown and Cooper (1998 Algov. Studied interval (see Fig. 4 ) Fig. 4 . Biostratigraphic, lithostratigraphic and carbon-isotope chemostratigraphic framework of the Foum Tillicht section (from Bodin et al. 2016). ical evidence for condensation, such as high-density bioturbation, glauconite or any other mineralization, was observed at this level. At 129.24 m, the FO of Carinolithus superbus, defining the base of the NJT6 nannofossil zone, has been recorded (Bodin et al. 2016) . This zone usually corresponds to the upper part of the Polymorphum/Tenuicostatum ammonite Zone Erba 1999, Mattioli et al. 2013) . In this interval, nannofossil assemblages were analysed every 1.5 m, giving the minimum uncertainty on the position of the FO of C. superbus. At 142.25 m, a hiatus has been interpreted based on carbon isotope chemo stratigraphy (Bodin et al. 2016; Fig. 4 ). This coincides with the base of one prominent turbidite bed. Using organic matter carbon isotope chemostratigraphy, Bodin et al. (2016) were able to show that this hiatus corresponds to the upper part of the Polymorphum zone and the lower part of the Levisoni ammonite zone (Fig. 4) .
NJ5b
NJT6
The boundary between the Ouchbis Formation and the Tagoudite Formation corresponds to the interval of the P-To event, recorded by a reduction in the values and amplitudes of the δ 
Material and Methods
Measurements of δ 13 C and CaCO 3
A total of 237 bulk micrite samples from the upper Pliensbachian to lower Toarcian interval were collected across the Foum Tillicht section at an average uneven step of 2.08 m from the base of the series to 67.55 m, at an average uneven step of 1.05 m from 67.55 to 109.37 m and then with an even step of 0.20 m from 109.37 m to the top of the studied series. For each horizon, several milligrams of the micritic part of non-weathered limestone and marlstone samples lacking allochems and diagenetic veins were selected, ground to powder and homogenised in an agate mortar. Geochemical analyses performed on all samples include carbon (δ 13 C carb ) isotope composition and carbonate contents. These analyses complement the ones presented in Bodin et al. (2016) .
Carbonate content analyses
The carbonate content of bulk rock samples were measured from 69.7 m to 142.15 m. Carbonate contents were determined using the total inorganic carbon (TIC) contents of the samples at the Ruhr University of Bochum. The TIC values were determined using a Carbon Sulfur Determinator CS 500 (Eltra GmbH). Depending on the lithology (marlstone or limestone), between 100 to 500 mg of material were weighted in an Erlenmeyer flask, and reacted with 12.5 mL of diluted phosphoric acid (H 3 PO 4 /H 2 O 1 : 1) injected in three doses. The amount of CO 2 produced by this reaction was measured by infrared detector through an oxygen stream and used to determine the sample TIC contents. The quality of the measurements was controlled and corrected using calibration curves based on internal standards with known carbonate contents. Individual samples were measured with a precision better than 5 %. Replicate analyses of samples have a precision better than 6 % on average.
Inorganic carbon isotope analyses
Carbon isotope analyses of bulk micrite carbonate (δ 13 C carb ) was performed in the whole studied interval using a Gasbench II coupled to a Finnigan MAT 253 mass spectrometer. Depending on the calcium carbonate content of individual samples, between 0.4 to 1.7 mg of powder were weighed in vials and dried for 48 h in a 105°C preheated oven and subsequently cooled in a refrigerator for 1 h. The air present in the vials was flushed using helium in order to avoid any contamination. Carbonates were sublimated by adding anhydrous phosphoric acid (104 %) using an autosampler. The isotopic composition is reported as δ-value in parts per mil [‰] relative to the international Vienna PDB (V-PDB) standard. The quality of the measurements was controlled by NBS19, NBS18 and RUB internal standards. Isotope data were corrected using CO1 and CO8 carbonate standards. For micrite samples the reproducibility (3 Ͻ n Ͻ 4) calculated with the Ruhr University of Bochum internal standard was better than Ȁ 0.08 ‰ for δ 13 C carb . Sample processing and stable isotope analyses were carried out at the Ruhr University of Bochum.
Spectral analyses
The long-term evolutions of the δ 13 C carb and CaCO 3 series are marked by a sudden decrease of the δ 13 C carb and wt% CaCO 3 values at the transition between the Ouchbis and Tagoudite formations (Fig. 5 ). Prior to spectral analyses, the long-term trends of the series were thus calculated and subtracted using piecewise linear regressions. Since the data are not collected at an even sample step, the series were linearly resampled every 0.20 m in order to allow the multi-taper method (MTM) to be applied to the series. Significance levels of spectral peaks were assessed using the LOWSPEC method (Meyers 2012) , and the robust method of Mann and Lees (1996) modified in Meyers (2014) . Time-frequency weighted fast Fourier transforms (TF-WFFT, e. g. Martinez et al. 2013 were then applied to constrain the evolution of the periods throughout the sedimentary series. A first TF-WFFT was applied on 40-m width windows to better constrain the low frequencies, and a TF-WFFT on 20-m width windows was applied to focus on the evolution of the short periods. The cross multi-taper and the cross-phase spectra were also calculated between the δ 13 C carb and CaCO 3 signals using the algorithm developed in Huybers and Denton (2008) and provided in the following url link: http://www.people.fas.har vard.edu/~phuybers/Mfiles/ Taner low-pass and band-pass filters were then applied to isolate each signal interpreted as an orbital forcing. Orbital tuning procedures are then used to anchor the sedimentary cycles to their corresponding orbital periods, allowing depth-time conversions to be done. Here, minima of filtered series are used to define the anchor points. Between two anchor points, a duration of 405 kyr or 34.9 kyr is attributed, depending if the 405-kyr eccentricity or the main obliquity (34.9 kyr) are used to anchor the series. Within each repetition of the target cycle, a constant sedimentation rate is assumed. Above the last complete cycle or below the first complete cycle, the sedimentation rate is assumed to be the same as within the last or the first complete cycle, respectively. A relative age is thus attributed to each point. Durations are then estimated by calculating the difference of relative ages. Error margins are estimated by calculating the standard deviation of the duration estimates for each time interval.
Results
Geochemical data
Inorganic carbon isotopes
The carbon-isotope profile of the Foum Tillicht section can be divided into two chemostratigraphic intervals based on their specific pattern (Figs. 4, 5 C carb values, oscillating between 0‰ and -2‰. The transition between the first and the second interval is abrupt and characterised by a sharp and prominent 2‰ decrease of the δ 13 C carb values (Fig. 4) . This abrupt shift has been linked to the P-To event based on organic and inorganic carbon isotope chemostratigraphy constrained by ammonite and nannofossil biostratigraphy (Bodin et al. 2016) . The top part of the second interval is also marked by a hiatus inferred from chemostratigraphic correlation (Bodin et al. 2016, see Fig. 4 ). Most likely this discontinuity is due to subaqueous erosion as supported by the overall deep marine environmental setting characterising the Foum Tillicht section and also the common occurrence of turbidite-rich interval above the base of the hiatus at 142.25 m (Fig. 4 , Bodin et al. 2016 ).
Carbonate contents
As for the carbon isotopes, the carbonate content series can be divided into two intervals. The first interval of the series, from 69.7 m to 113.61 m, shows a trend of CaCO 3 values decreasing from 72 % to 42 % (Fig. 5F ). Within this trend, high-amplitude fluctuations (20-50 %) are observed with a thickness of 4-6 m. The transition from the first to the second interval is more progressive than observed for the δ 
Results from spectral analyses
The 2π-MTM spectrum of the δ 13 C carb series shows significant bands at periods 17.6 m, 1.7 m (on average) and 0.9 m (Figs. 6A, C, E). On spectrograms, thẽ 17-m peak is observed throughout the series, having periods evolving from 24 m to 13 m (Fig. 5D) . The 15-m-width-window spectrogram (Fig. 5E) shows, from the base of the series to level 102 m, a band of periods ranging from 4.5 m to 7.6 m. On the multi-taper spectrum, the amplitude of this cycle is not enough to exceed the 95% confidence level (Fig. 6 ). From 107 m to the top of the series, the spectrogram shows a band of periods ranging from 2.3 to 1.7 m (Fig. 5E) .
The 2π-MTM spectrum of the CaCO 3 series shows significant bands of periods at 1.8 m on average and 0.9 m (Fig. 6B, D, F) . Another period at 18.2 m evolves from 15 to 23 m and displays high amplitudes from the levels 70 m to 124 m (Figs. 6B, 5I ). On the 40-m-width-windows of the CaCO 3 , periods at 8.2 m and 4.1 m appear from the 70 m to 90 m (Fig. 5I) . On the 15-m-width-windows of the CaCO 3 , a band of periods ranging from 5 to 3.9 m appears from levels 70 m to 102 m (Fig. 5J) . Another band of periods ranging from 2.5 to 1.6 m appears from levels 110 m to the top of the series.
The cross-MTM analysis is performed with the δ (Fig. 7A) . The average phase of these significantly coherent periods is 7° (Fig. 7B ). In addition, the phase lag observed for each significant frequency individually reaches the equivalent of twice the sample step for the 16-m period, and corresponds to a value lower than the sample step otherwise. The two signals are roughly in phase: the bulk δ 13 C carb increases with increasing CaCO 3 values. This is also shown with a simple cross-plot, in which the δ 13 C carb values of limestone beds are higher than the δ 13 C carb values of marlstone beds (Fig. 7C ).
Discussion
Interpretation of the sedimentary cycles
On the multi-taper spectrum of the δ 13 C carb series, the three significant periods of 0.9 m, 1.7 m and 17.6 m display a ratios of periods of 1 : 1.9 : 19.6, close to the period ratios between the precession (average period: 19.9 kyr), the obliquity (main period 34.9 kyr) and the 405 kyr eccentricity cycles (ratios: 1 : 1.8 : 20.4). The average period of 4.8 m, showing high amplitudes on the spectrogram (Fig. 5D) , has a period ratio of 1 :3.6 with the period of 17.6 m, 1 : 2.8 with the period of 1.7 m and 1:5.3 with the period of 0.9 m. This 4.8-m period is likely related to the 100-kyr eccentricity.
On the multi-taper spectrum of the CaCO 3 series, the significant periods of 1.8 m and 0.9 m display a period ratio of 1 : 2 related to the period ratio between the obliquity and the precession cycles. The period of 18.2 m has a ratio of 1 : 10 with the period at 1.8 m, and a ratio of 1 : 20 with the period of 0.9 m. The 18.2-m peak is likely related to the 405-kyr eccentricity cycle. The peak at 4.1 m observed on the spectrograms has a period ratio of 1 : 4.4 with the 18.2-m peak, 1 : 2.3 with the 1.8-m peak and 1 : 4.6 with the 0.9-m peak. This period of 4.1 m can be related to the 100-kyr eccentricity. Also observed on the spectrograms, the period of 8.2 m shows a ratio of 1 : 2.2 with the period of 18.2 m, a ratio of 1 : 2 with the period of 4.1 m and a ratio of 1 : 4.6 with the period of 1.8 m. This period of 8.2 m can be related to the 173-kyr obliquity, a period shown in the astronomical solutions as an amplitude modulation of the obliquity cycles and related to s3-s6, the secular frequencies of the inclination of the Earth and Saturn orbits (Laskar et al. , 2011 .
In summary, the 405-kyr eccentricity is recorded on 17-18 m of sediment thickness, the 100-kyr eccentricity on 4.1-4.8 m, the main obliquity on 1.7-1.9 m and the precession on 0.9 m.
Significance of the δ 13 C carb signal
Cyclic fluctuations in the δ 13 C carb record has been previously documented from the Cenozoic to the Jurassic archives, mostly related to the long (Ն 405 kyr) eccentricity and obliquity cycles (Zachos et al. 2001 , Cramer et al. 2003 , Pälike et al. 2006 , Voigt et al. 2007 , Wang et al. 2010 , Giorgioni et al. 2012 , Laurin et al. 2015 , Martinez and Dera 2015 . Several explanations have been brought forward by these authors in order to explain the transfer of the orbital forcing into the carbon isotope record, involving regional or global processes. Here, the long-term trend of the δ 13 C carb curve obtained at Foum Tillicht fits neither with the long-term of the δ 13 C org curve from the same section (Fig. 4) , nor with other δ 13 C carb curves obtained from the Northern Tethyan margin (see compilation in Pittet et al. 2014 ). This favours a basin-scale control of the δ 13 C carb , at least in part decoupled from organic carbon reservoirs. The δ 13 C carb and CaCO 3 signals are significantly coherent and in phase at the Milankovitch band (Fig. 7) . In other words, the δ 13 C carb is higher in limestone than in marl beds. Bodin et al. (2016) have notably noticed that the major negative shift in δ (Swart and Eberli 2005 , Swart 2008 , Oehlert et al. 2012 , the mixing of neritic mud with pelagic ooze will tend to augment the bulk δ 13 C carb signal in limestone beds.
Conversely, detrital and organic matter inputs from continental areas, associated to the deposit of marl beds, will tend to decrease the δ 13 C carb values, as it has been shown in early stages of the Jurassic sedimentation in the Central High Atlas Basin (Wilmsen and Neuweiler 2008) . In hemipealgic marl-limestone alternations, marls are commonly associated to higher levels of primary productivity associated to basin fertilization (Mutterlose and Ruffell 1999 , Gréselle et al. 2011 , Giraud et al. 2013 , contributing in a reduction C (left column) and CaCO 3 (right column) of the Foum Tillicht section. A. 2π-MTM spectrum of the δ 13 C series, focused on the low powers. Inset: 2π-MTM spectrum showing the highest-power peaks. Confidence levels are calculated from the red-noise fit assessed with the robust method of Mann and Lees (1996) modified in the astrochron R package (Meyers 2014) . B. 2π-MTM spectrum of the CaCO 3 series. Confidence levels are calculated from the red-noise fit assessed with the robust method modified in the astrochron R package. C. Prewhitened 2π-MTM spectrum of the δ 13 C series. Confidence levels are calculated from the red-noise fit assessed with the LOWSPEC method (Meyers 2012) . D. Prewhitened 2π-MTM spectrum of the CaCO 3 series. Confidence levels are calculated from the red-noise fit assessed with the LOWSPEC method. E. Summary of confidence levels from the robust and LOWSPEC methods of the δ 13 C series F. Summary of confidence levels from the robust and LOWSPEC methods of the the CaCO 3 series. Main periods are labelled in meters. BW: BandWidth. CL: Confidence Level. E: 405-kyr eccentricity; e: 100-kyr eccentricity; O: main obliquity (34.9 kyr); P: mean precession (19.9 kyr). of the values in δ 13 C carb marls. Partial remineralization of organic matter in the marly interval during burial might have also reinforced the initial contrast in δ 13 C carb values at all Milankovitch bands. It is worth noting that the sedimentation rate remains stable at the passage from the Ouchbis to the Tagoudite formations (Fig. 5) . If marl-limestone alternations were only triggered by dilution effects by carbonate exports or detrital supplies, the passage to the Tagoudite Formation would respectively imply a strong decrease or increase in the sedimentation rate. The stability of the sedimentation rate from the Pliensbachian to the Toarcian implies that marl-limestone alternations reflect a balance between detrital supplies and carbonate shedding, linked to successive humid/ arid and sea-level fluctuations (see for instance Hoedemaeker 1998, Ruffell 1999, Moiroud et al. 2012 ).
Calibration of the Foum Tillicht section
The 405-kyr eccentricity cycle has high amplitudes throughout the whole δ 13 C carb series and high amplitudes in the CaCO 3 series from levels 70 m to 124 m, while the obliquity cycle shows high amplitudes in the densely sampled interval of the series (from 109 m to the top of the series, Fig. 5 ). Both obliquity and the 405-kyr eccentricity are thus used for calibrating the series and estimating durations. For both proxies, two age models have been calculated (Table 1) : one based on the 405-kyr eccentricity only, and one based on the obliquity in the densely sampled part of the series (from 109 m to the top of series) and on the 405-kyr eccentricity on the least densely sampled part of the series (from the base of the series to 109 m). Spectral analyses on both series calibrated with the 405-kyr eccentricity reveal strong period at ca. 0.4 myr -expected for a series calibrated with the 405-kyr cycle -, but also main periods at 41-42 kyr (associated with the obliquity), and from 25 to 16 kyr (associated with the precession) (Fig. 8) . Spectral analyses on both series calibrated with the 405-kyr eccentricity and the obliquity reveal strong powers for the 405-kyr band and the obliquity band -expected -, and significant peaks at 100 kyr, associated to the eccentricity, and from 24 kyr to 14 kyr, associated to the precession (Fig. 8) . The spectra of the series calibrated with only the 405-kyr eccentricity cycle reveal periods of 41-42 kyr for the obliquity, which is higher than the value predicted in the astronomical models for the Toarcian Stage (34.9 kyr; Laskar et al. 2004 ). This difference can be due to the existence of short-term hiati in the Toarcian part of the series, which decreases the number of obliquity cycles recorded per eccentricity cycle. This uncertainty impacts the duration estimates of the biozones. Another source of uncertainty exists at low frequencies and corresponds to the accuracy with which the limits of the 405-kyr cycles have been positioned. Differences thus exist in the duration estimate of a considered time interval from one age model to another. The difference between the average estimate and an extremum estimate reaches a maximum of 0.07 myr for the Polymorphum Zone (Table 1 ). In the following paragraph, the average duration estimates are given. Full range of duration estimates can be found in Table 1 .
The average duration estimate of the whole studied series is assessed at 3.41 myr, with estimates ranging from 3.35 myr to 3.47 myr ( Table 1 ). The duration of the P-To event, as defined in Bodin et al. (2016) , is assessed at 0.27 myr (option 1 in Fig. 5 ), the duration of the interval from the base of the Toarcian to the FO of C. superbus at 0.51 myr (Fig. 5) , and the minimum duration of the Polymorphum ammonite zone at 0.81 myr. In addition, in the Pliensbachian, the duration of the Emaciatum ammonite zone is assessed at 2.05 Ȁ 0.318 myr. The error margin here reflects the uncertainty in the position of the lower boundary of this ammonite zone (Figs. 3, 4) . The minimum duration from the FO of L. sigillatus to the base of the Toarcian Stage is assessed at 1.55 Ma. Finally, the calcareous nannofossil Subzone NTJ5b, spanning the interval from the FO of L. sigillatus to the FO of C. superbus, has a minimum duration assessed here at 2.07 myr. The durations implying the FO of L. sigillatus are given as minimum values since the position of this FO is uncertain at Foum Tillicht. The durations of intervals of particular interests are discussed in the next sections.
Stratigraphic extension and duration of the P-To event
The P-To event is an episode of rapid environmental changes. It is associated with a transient warming event (Suan et al. 2008a) , an acceleration of the rate of extinction in marine macrofauna (Caruthers et al. 2013) , intensification of continental weathering (Bodin et al. 2010 , Krencker et al. 2015 , Brazier et al. 2015 , widespread carbonate platform drowning (Dromart et al. 1996 , Léonide et al. 2012 , Bodin et al. 2016 , and a negative excursion in the carbonate carbon isotopes, particularly well observed at Peniche (Hesselbo et al. 2007 ).
The P-To event starts with a significant increase in the marl-to-limestone ratio both observed in Morocco and in the Lusitanian basins (Elmi 2009 , Bodin et al. 2010 , and accompanied by a decrease in the δ
13
C carb values (Pittet et al. 2014) . The end of the P-To event shows various trends across the Tethyan and Subboreal areas. At Peniche, the end of the P-To event is marked by a return of the δ 13 C carb values to the pre-P-To trend (Hesselbo et al. 2007 , Fig. 9 ). At Foum Tillicht, the δ 13 C carb values remain low after the rapid decrease observed at ~110 m, and then show smooth, low-amplitude fluctuations (Figs. 5, 9) . Bodin et al. (2016) tentatively positioned the end of the P-To event at Foum Tillicht at the local maximum of the δ 13 C carb values at 117.81 m (Fig. 4) . This suggestion is also reported in Fig. 9 as Option 1. Based on the various astrochronological frameworks provided here the duration of the P-To event would thus be assessed as 0.27 myr.
The local maximum of δ
C carb values at 117.81 m occurs in a smooth, cyclic trend so that one can question whether or not the interval after the sharp decrease of the δ 13 C carb values still belongs to the P-To event (Bodin et al. 2016) . The P-To event corresponds to a crisis in the carbonate platform production marked by a sharp decrease in the δ 13 C carb and in the wt% CaCO 3 values (Figs. 5, 9 ). This feature is observed at a regional scale (Hesselbo et al. 2007 , Suan et al. 2008a , Trecalli et al. 2012 , Bodin et al. 2016 . The decrease in wt% CaCO 3 values ends at 113.81 m. Above, the wt% CaCO 3 series has low amplitudes and never exceeds 30 %. The P-To event at Foum Tillicht can thus be defined as the transition interval from high-amplitude and high δ 13 C carb and wt% CaCO 3 values to low-amplitude and low δ 13 C carb and wt% CaCO 3 values. According to this definition (Option 2; Fig. 9 ) and taking into account the various astrochronological frameworks provided here, the P-To event would have a duration of 0.18 myr.
The decreasing trend of the δ
C carb values closely matches the lithological changes in most of the different studied basins (Hesselbo et al. 2007 , Trecalli et al. 2012 , Pittet et al. 2014 , Bodin et al. 2016 , and the extension from the base of the P-To event to the minimum of the δ
C carb values appears to be reliable for establishing regional correlations. In the Foum Tillicht section, this interval has a duration assessed at 0.12 myr (Table 1) .
Detailed astrochronological frameworks were provided in the Peniche section at the PliensbachianToarcian boundary (Suan et al. 2008b, Huang and Hesselbo 2014) , the GSSP of the Toarcian Stage (Rocha et al. 2016) . The duration of the P-To event at Peniche Orbital chronology of the Pliensbachian -Toarcian transition could be deduced at 0.05 myr, while the duration from the base of the P-To event to the minimum of δ
C carb values could be deduced at 0.04 myr. All these durations are significantly lower than the durations calculated at Foum Tillicht, suggesting a condensation in the Peniche section at the Pliensbachian -Toacian boundary, as already proposed by Pittet et al. 2014 (Discontinuity surface D1). This condensation will notably impact on the duration estimate of the Polymorphum/Tenuicostatum ammonite zone.
Implication for the duration of the Polymorphum/Tenuicostatum Zone
The recent astrochronological studies show diverging durations of the biozones and carbon-isotope excursion events in the Early Toarcian (Suan et al. 2008b , Kemp et al. 2011 , Boulila et al. 2014 , Huang and Hesselbo 2014 , Ruebsam et al. 2014 . Notably the duration of the first ammonite zone of the Toarcian (equivalent Polymorphum or Tenuicostatum Zone, see Figs. 2, 3) is highly uncertain, ranging from 0.09 myr to ~1.15 myr Pittet 2004, Boulila et al. 2014) . Using the 100-kyr-eccentricity cycle identified in Suan et al. (2008b) , the duration of the Tenuicostatum Zone could be assessed at 0.82 myr. Using the 100-kyr and the 405-kyr eccentricity identified in Huang and Hesselbo (2014) leads to a duration of 0.81 and 0.77 myr, respectively. From these astrochronological frameworks, an average duration of the Tenuicostatum Zone can be calculated as 0.80 myr. Minimum durations of the Tenuicostatum Zone were also reported at Ͼ 555 kyr in the Lorraine sub-basin of the Paris Basin (core FR-210-78, Ruebsam et al. 2014) , and at 0.09-0.5 myr in the southern Paris Basin (Sancerre core, Boulila et al. 2014 ). In these two latter studies, the Foum Tillicht (this study)
Peniche (Lusitanian Basin)   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  21  22  20  23  E1  E2  E3  E4  E5  E6 Ecc. 100-kyr (Suan et al., 2008) 405-kyr 100-kyr authors warned about the possibility of condensation or hiatus affecting the astrochronological framework inferred from these drill cores. In addition, significant biostratigraphic uncertainties exist at Sancerre on the position of lower and upper boundaries of the Tenuicostatum Zone (Boulila et al. 2014 ). In the Lorraine sub-basin, the FO of Dactylioceras tenuicostatum has not been formally recognised, the base of the Tenuicostatum Zone being positioned on the last occurrence of Pleuroceras spinatum (Guérin-Franiatte et al. 2010) . Such biostratigraphic uncertainties are additional sources of errors in these duration estimates of the Tenuicostatum Zone. The GTS 2012 used the calibration of the Sancerre core to provide the duration of the Toarcian Stage, with an arbitrarily added duration to take into account possible condensation at Sancerre (Huang et al. 2010 , Gradstein et al. 2012 ). The accurate duration estimate of the Tenuicostatum Zone is thus crucial to provide a reliable time scale for the Toarcian Stage. The duration of the Polymorphum Zone calculated from the Foum Tillicht section is nonetheless a minimum duration since a hiatus is observed at the transition between the Polymorphum and the Levisoni zones, and also since a biostratigraphic condensation is potentially present at the transition between the Ouchbis and the Tagoudite Formations. The hiatus at the Polymorphum -Levisoni transition is notably at the base of a stratigraphic interval characterised by a sharp increase in the occurrence and thickness of turbidite levels. A sudden 5-‰ decrease of δ 13 C org is observed throughout the Polymorphum -Levisoni transition, while other sections in the Central High Atlas Basin show a smoother initial decrease at the onset of the T-OAE (Bodin et al. 2016) . Finally, δ 13 C carb curves typically show a return to the pre-P-To values in the upper 1/3 of the Polymorphum Zone, which is not observed in the Foum Tillicht section (Bodin et al. 2016) .
Conversely, the Peniche section appears to have a short-term condensation at the Pliensbachian-Toarcian transition (Pittet et al. 2014) , as also documented by the longer duration assessment found in the Foum Tillicht section. The Pliensbachian -Toarcian transition in the Peniche section is condensed by 0.1 to 0.2 myr, according to the various scenarios retained for the extension of the P-To event at Foum Tillicht. This implies a total duration of the Polymorphum/Tenuicostatum Zone ranging from 0.9 to 1.0 myr. identified in central Italy ~11.5 lithological sequences attributed to the 100-kyr eccentricity in the Tenuicostatum Zone, implying a duration of 1.15 myr. In the Amellago section (Central High Atlas Basin), the return to the pre-P-To δ 13 C carb values (lacking at Foum Tillicht) covers 22 m. With a sedimentation rate evaluated as 94 m/myr for the early Toarcian (Bodin et al. 2016) , this leads to a duration estimate of 0.23 myr. Although the visual identification of the sequences or the estimate of average sedimentation rates can lead to some errors, both observations support a long duration of the Polymorphum/Tenuicostatum Zone. The duration of 0.9-1.0 myr for this zoned agrees with the GTS 2012, who arbitrarily added 0.2 myr to the orbital chronology of Suan et al. (2008b) . However, the integration of the orbital time scales of Foum Tillicht and Peniche show that this is a reasonable estimate.
Implications for the FO of C. superbus
In the GTS 2012, the first appearance of C. superbus in the Tethyan domain is aligned to its position in the Euro-Boreal domain, i. e. at the base of the Falciferum Zone (Gradstein et al. 2012) . However, some discrepancies between authors have been reported (these additional comments can be found in Time Scale Creator 6.4, available at the following link: https://engi neering.purdue.edu/Stratigraphy/tscreator/index/index. php). In most of Euro-Boreal basins, including Yorkshire (Bucefalo Palliani et al. 2002 , Boomer et al. 2009 , and Northern Spain (Perilli 1999 (Perilli , 2000 , the FO of C. superbus occurs either at the base or within the Serpentinum/Falciferum Zone (see Fig. 2 ). Two noticeable exceptions are noted in the Euro-Boreal domain in the Asturias (Spain) and in Dotternhausen (Germany), in which the FO of C. superbus is located before the start of Serpentinum/Falciferum Zone , Fraguas et al. 2015 . In the Peniche, Amellago and Foum Tillicht sections, the FO of C. superbus occurs in the middle part of the Tenuicostatum Zone. In Italy, the FO of C. superbus occurs below the black shale facies related to the T-OAE, and within the Tenuicostatum Zone, although the ammonite biostratigraphic scheme is flawed in Italy by the scarcity of ammonites within the black shale interval (Sabatino et al. 2009 , Mattioli et al. 2013 , obscuring the boundary between the Tenuicostatum and Serpentinus zones (Bilotta et al. 2010) . The FO of C. superbus thus appears to occur earlier in most of Tethyan sections, i. e. below the T-OAE, than in most of Euro-Boreal sections where it occurs at the base or within the T-OAE Erba 1999, Mailliot et al. 2006) .
In this study, the time interval from the base of the Polymorphum Zone to the FO of C. superbus is assessed at 0.51 myr (range: 0.47-0.53 myr) in the Foum Tillicht section, while this time interval has a duration assessment of 0.43 myr in the Peniche section (Fig. 9) . Considering that the P-To boundary in the Peniche section is condensed by 0.1 to 0.2 myr, the duration from the base of the Toarcian to the FO of C. superbus at Peniche is re-evaluated as 0.53-0.63 myr. The nannofossil assemblages have been analyzed at Foum Tillicht every 1.5 m, which highlights the maximum uncertainty on the position of the FO of C. superbus. The average sedimentation rate of the Polymorphum Zone deduced from astrochronology is calculated at 44 m/ myr, so that the uncertainty on the position of the FO of C. superbus at Foum Tillicht is assessed at 0.03 myr. Similarly, at Peniche, the nannofossil assemblages have been observed with a step of 0.4-0.5 m, corresponding to an uncertainty of 0.04 myr. With this corrected evaluation and considering the error margins, the duration from the base of the Toarcian to the FO of C. superbus cannot be distinguished between Peniche and Foum Tillicht.
The GTS 2012 provides a zonation scheme of calcareous nannofossil from the Tethyan domain separated from the Euro-Boreal domain. Taking into account that (i) the FO of C. superbus occurs in the middle part of the Tenuicostatum/Polymorphum Zone in most of the Tethyan sections, and (ii) the duration between the base of the Toarcian and the FO of C. superbus ranges from 0.51 to 0.63 myr at Foum Tillicht and Peniche, we suggest placing the FO of C. superbus (and consequently the base of the NJT6 calcareous nannofossil Zone) in the Tethyan domain to ~0.55 myr after the beginning of the Tenuicostatum/Polymorphum Zone in the next compilation of the Geological Time Scale.
Environmental disturbances during the P-To and its impact on the astrochronology of the Toarcian Stage
The hiatus observed at the boundary between the Polymorphum and the Levisoni zones in the Foum Tillicht section represents a time span of 0.1-0.2 myr. In addition, an interval of decreasing δ
13
C carb values in lowermost part of the Levisoni Zone, is observed at Peniche and Amellago but is missing in the δ 13 C org series at Foum Tillicht (Fig. 4) . By correlation with Peniche, this hiatus represents a total time of 0.23-0.33 myr not preserved at Foum Tillicht. This time interval notably corresponds to the phase of gently decreasing δ 13 C values observed at the top of the Polymorphum Zone in bulk rock, belemnites and wood in the Peniche section (Hesselbo et al. 2007 , Pittet et al. 2014 ). The δ 13 C carb from the Foum Tillicht section cannot be directly compared with Peniche since it represents the local dynamics of the basin (Bodin et al. 2016) , but the trends of the δ 13 C org are less affected by mixing effect of δ 13 C from the carbonate platform and can thus be used for global correlations. The δ 13 C org only shows the trend towards increasing values in the Tenuicostatum Zone, then sharply decrease by 7.5 ‰ at the hiatus level (Fig. 4) . The phase of gently decreasing values of δ 13 C observed in the Peniche section from cycle 9 to cycle 10 is thus missing in the Foum Tillicht section. The stable trend of bulk rock and wood δ 13 C observed in the middle part of the Peniche section is not observed in the Foum Tillicht section (Figs. 4, 9, Hesselbo et al. 2007 ). This phase starts below the FO of C. superbus and the fact that the FO of C. superbus is found in the middle part of the Polymorphum Zone in the Foum Tillicht section, as well as at Peniche, is incompatible with a hiatus spanning the whole second half of the Polymorphum Zone. This is rather linked to various trends in the δ 13 C values, as suggest the correlation of δ 13 C curves between Central High Atlas sections and Peniche (Bodin et al. 2010 (Bodin et al. , 2016 . The δ 13 C values from belemnite guards display at Peniche a similar trend as the δ 13 C org from the Foum Tillicht section, with an increasing phase immediately followed by a gently decreasing phase lasting ~0.15 myr (Hesselbo et al. 2007) , which is close to the trend of δ 13 C org observed at Foum Tillicht.
The hiatus observed in the Foum Tillicht section spans the time interval from the upper part of the Polymorphum Zone to the lower Levisoni Zone (Fig. 4) . Two discontinuities have been defined within this time interval in the Lusitanian Basin, and then correlated throughout Euro-Boreal and Tethyan domains (Pittet et al. 2014 , Ruebsam et al. 2014 . Discontinuity D2 is an erosion surface that corresponds to the development of marine erosion in offshore environments as a consequence of a major sea-level drop, while discontinuity D3 is a condensed or non-deposition surface related to a major transgression. The merging of D2 and D3, as observed in the Foum Tillicht section and in some parts of the Lusitanian Basin, has been interpreted as the consequence of marine erosional processes during the sea-level drop followed by the development of a ravinement surface during the early phase of the following major transgression (Pittet et al. 2014) .
It is noteworthy that the Foum Tillicht section is not affected by phase D1 occurring at the PliensbachianToarcian boundary. This phase corresponds to a sequence condensed or lacking in multiple offshore sections due to basin starvation during a transgression event starting at the base of the Toarcian (Pittet et al. 2014) . In contrast to European sections, the deep marine sections of the High Atlas Basin show expanded sedimentation rates. Higher nutrient levels and fluvialderived siliciclastic inputs were observed at the P-To boundary of shallow and deep marine sections, likely related to higher continental weathering (Bodin et al. 2010 , Bodin et al. 2011 , Krencker et al. 2015 . Higher levels of detrital supply are indeed commonly observed with increase of continental weathering Ruffell 1999, Moiroud et al. 2012 ). As such, increasing levels of detrital supply at the P-To boundary would have thus provided sediment supply to deep-marine sections in the High-Atlas Basin, therefore preventing these sections from basin starvation.
Further extensions in the Pliensbachian
From the base of the series to 109.60 m, two main bands of periods are observed, the first band ranging from 23 m to 13 m and the second from 7.6 m to 4.5 m (see the spectrograms on Fig. 5 ). These periods are attributed to the 405-kyr eccentricity and the 100-kyr eccentricity, although the band of period 7.6 to 4.5 m is under the confidence levels on the multi-taper spectrum (Fig. 6 ). The sample spacing in the Foum Tillicht section from the base of the succession to 109.60 m ranges from 0.35 m to 2.75 m with an average of 1.5 m, which limits the exploration of the high frequencies. Considering the sampling density in this interval, the band of 100-kyr eccentricity contains ~3-4 samples per 100-kyr eccentricity which is not enough to accurately observe the amplitude of the 100-kyr cycle. Notably 4 to 10 samples per cycle are needed to accurately describe the amplitude of a cycle, otherwise the amplitude of the targeted cycle should be diminished and its frequency affected (Herbert 1994 , Martinez et al. 2016 . The only cycle correctly described from the base of the series to 109.37 m is the cycle attributed to the 405-kyr eccentricity. The recognition of the 405-kyr eccentricity cycle in this part of the series allows significant differences with the GTS 2012 to be observed in the biozone durations. In the Pliensbachian part of the series, the FO of Lotharingius sigillatus is observed at least 1.55 myr before the base of the Toarcian Stage. The GTS 2012 positions this event at the base of the Tenuicostatum ammonite Zone, following the biochronostratigraphic chart in Hardenbol et al. (1998) (details can be found in Time Scale Creator 6.4). Mattioli and Erba (1999) noticed sporadic occurrence of L. sigillatus in the Late Pliensbachian. In the Lusitanian Basin and in Northern Spain, the FO of L. sigillatus is reported within the Spinatum/Emaciatum Zone , Mattioli et al. 2013 , Fraguas et al. 2015 , Fig. 2) . As for the FO of C. superbus, it appears with these new data that there is a mismatch between the bioevents from biostratigraphic data and the bioevents reported in the GTS 2012 (Figs. 2, 3) . Consequently, the average duration of the NJT5b Subzone assessed here at 2.07 myr is much longer than the 1.07-myr duration of the NJT5b Subzone reported in the GTS 2012 (Gradstein et al. 2012 ). Due to the sampling density of nannofossil assemblage analyses, the position of the FO of L. sigillatus shows an uncertainty of at least 16.4 m, which represents a time span of 0.43 myr. The orbital chronology provided in the Foum Tillicht section nonetheless shows that the duration of the NJT5b is significantly underestimated in the GTS 2012.
Other differences are observed in the duration estimates of the Emaciatum Zone and the Spinatum Zone. The duration estimated here for the Emaciatum Zone is 2.044 Ȁ 0.318 myr, the uncertainty being related to the uncertainty of the position of the base of the Emaciatum Zone (Fig. 4) . Conversely, the GTS 2012 provides a duration estimate of the Emaciatum Zone of 0.79 myr (Gradstein et al. 2012) . Ammonite-zone durations of the Late Pliensbachian are based on the recognition of the precession in Italy and England, providing a minimum duration of the Spinatum Zone, then constrained on a linear trend of Sr-isotope ratios from the Hettangian to the Pliensbachian ). In the GTS 2012, the base of the Emaciatum Zone was then located on the upper third of the Apyrenum Subzone, the first subzone of Spinatum Zone (Hardenbol et al. 1998 , Gradstein et al. 2012 . This approach has, at least, three weaknesses. Correlations between the Emaciatum and the Spinatum zones are still unclear due to a strong provincialism between Mediterranean and Euro-boreal faunas (Dera et al. 2011b) , the calibration based on precession cycles can easily be affected by short-term hiatuses , and the trend of Sr-isotope in not necessarily linear. Environmental conditions, such as modifications in the levels of continental weathering, can modify the rate of change of Sr-isotope ratios at a time scale of ~10 0 myr (McArthur et al. 2007 , Kemp et al. 2011 . Notably, orbital calibrations of ammonite zones can lead to higher or lower durations compared to durations calculated by linear trend of Sr-isotope ratios (e. g. Martinez et al. 2012) .
Conclusions
A new orbital chronology is provided for the Pliensbachian-Toarcian transition, performed for the first time in the expanded hemipelagic section of Foum Tillicht from the Central High Atlas Basin (Morocco). Based on the recognition of the obliquity and 405-kyr eccentricity cycles, and correlations with European sections, the duration of the Polymorphum Zone could be evaluated as 0.9-1.0 myr, while the duration of the P-To event is estimated as 0.18-0.27 myr. By correlating the orbital time scales from the Foum Tillicht and the Peniche sections, the condensation phase D1 have affected a time span of 0.1-0.2 myr of sediment, while the time missing at Foum Tillicht at the Polymorphum-Levisoni boundary is assessed as 0.23-0.33 myr. Although the orbital chronology of both sections is impacted by the major environmental changes recorded in the Early Toarcian, an integrated approach decreased the impact of local hiati or condensed intervals on the construction of the orbital time scale. Finally, the record of the 405-kyr eccentricity cycle in the Pliensbachian part of the series allowed the average minimum duration of the NJ5b calcareous nannofossil zone to be assessed at 2.07 myr, while the duration of the Emaciatum zone is estimated as 2.05 Ȁ 0.32 myr. Although weak biostratigraphic control on the Pliensbachian part of the series affects the two latter durations, these are significantly longer than in the Geological Time Scale 2012, and highlight the potential of the expanded sections of the High Atlas Basin to provide a reliable orbital time scale of the Pliensbachian Stage.
